Abstract The importance of species diversity for ecosystem function has emerged as a key question for conservation biology. Recently, there has been a shift from examining the role of species richness in isolation towards understanding how species interact to effect ecosystem function. Here, we briefly review theoretical predictions regarding species contributions to functional diversity and redundancy and further use simulated data to test combined effects of species richness, number of functional traits, and species differences within these traits on unique species contributions to functional diversity and redundancy, as well as on the overall functional diversity and redundancy within species assemblages. Our results highlighted that species richness and species functional attributes interact in their effects on functional diversity. Moreover, our simulations suggested that functional differences among species have limited effects on the proportion of redundancy of species contributions as well as on the overall redundancy within species assemblages, but that redundancy rather was determined by number of traits and species richness. Our simulations finally indicated scale dependence in the relative effects of species richness and functional attributes, which suggest that the relative influence of these factors may affect individual contributions differently compared to the overall ecosystem function of species assemblages. We suggest that studies on the relationship between biological diversity and ecosystem function will benefit from focusing on multiple processes and ecological interactions, and that the relative functional attributes of species will have pivotal roles for the ecosystem function of a given species assembly.
Introduction
The importance of biological diversity for ecosystem function has emerged as a key question for conservation biology (Naeem et al. 1994; Schwarz et al. 2000; Loreau et al. 2001; Naeem 2002; Srivistava and Vellend 2005) . While early work contrasted species richness to specific components of ecosystem function (reviewed in Balvanera et al. 2006) , there has been a recent thrust towards understanding how species interact in their effects on ecosystem functioning and how these interactions are affected by different attributes among species (Reiss et al. 2009; Caliman et al. 2010) . It is now generally accepted that the structure of species assemblages may be as important as their species richness (Naeem and Wright 2003; Petchey and Gaston 2006; Petchey et al. 2007; Griffin et al. 2009 ). This realization has underpinned the shift in focus of biodiversity research from species to functional diversity (i.e., "the value and range of those species and organismal traits that influence ecosystem functioning in a given system " Tilman 2001) , with a subsequent increase in quantifications of functional diversity in empirical species assemblages (Fukami et al. 2005; Heino 2005; Micheli and Halpern 2005; Petchey et al. 2007; Bracken et al. 2009; Dalerum et al. 2009 ).
In parallel with the increased interest in functional diversity, there has been an intense debate regarding ecological redundancy, the concept that some species may not be required for ecosystem functioning, and its potential importance for ecosystem dynamics (Walker 1992; Lawton and Brown 1993; Walker 1995; Johnson et al. 1996; Loreau 2004) . Although there is empirical evidence for ecological redundancy within fungal and invertebrate communities (Dang et al. 2005; McKie et al. 2008) , species richness has in other communities been directly related to functional diversity (Micheli and Halpern 2005; Petchey et al. 2007) , indicating no or very low redundancy in these communities. Holling (1973) introduced the concept of ecosystem resilience as a way to improve our understanding of nonlinear ecological processes. Such ecological resilience can be regarded as a measure of how much disturbance an ecosystem can absorb without changing its intrinsic state (Gunderson 2000) . Analogously, we can regard functional resilience as the amount of disturbance that a species assembly can absorb without changing its ecological function (Walker 1995) . In this context, we would expect that functional redundancy is directly related to the resilience of an ecosystem function through buffering it from fluxes in species abundances and species interactions (Walker 1995; Gonzalez and Loreau 2009; Petchey and Gaston 2009b) .
While it is recognized that the combined effects of species richness and the functional attributes of individual species on ecosystem function are complex (Reiss et al. 2009 ), it is difficult to fully incorporate and control for such complexity with empirical data (Meyer et al. 2009 ). This problem has caused a bias in research on the relationship between biodiversity and ecosystem functioning, with a disproportionate number of studies using empirical experimental approaches on simple systems and individual processes (Caliman et al. 2010 ). Yet, there is a need for assessing complexity and interactions of multiple factors for the design of appropriate empirical experiments and to refine current theory (Caliman et al. 2010; see also Peck 2004) .
Previous work have investigated either the effects of the number of functional traits (Petchey and Gaston 2002) or of functional overlap (Tilman et al. 1997; Petchey 2000) on the relationship between functional diversity and species richness, and more recently, the effects of species richness and species composition on the resilience of functional diversity (Petchey and Gaston 2009b) . However, to our knowledge, no one has yet simultaneously examined the combined effects of species richness, the number of functional traits, and the differences between species within these traits, i.e., the functional similarity between species, on species contributions to both functional diversity and redundancy. Here, we first review theoretical predictions regarding species contributions to functional diversity and redundancy, and then use simulated data sets to test the combined effects of species richness, number of functional traits, and species differences within traits on these contributions, as well as, on the overall functional diversity and redundancy of species assemblages. We use computer simulations instead of empirical data since it enables us to simultaneously test a fully factorial and balanced design. Throughout the remainder of this paper, we follow Petchey and Gaston (2002) and use FD to denote the total functional diversity of a species assembly or of individual species and analogously use the term FR to denote total functional redundancy. We use the lower case equivalents (fd and fr) to denote species contributions to diversity and redundancy.
Theoretical effects of species richness and functional differences on functional diversity and redundancy Intuitively, the unique contribution to ecosystem function by any given species should consist only of those functional components that are not shared with other species (e.g., Walker 1992; Naeem 1998; Petchey et al. 2007 ). Although attempts have been made to incorporate the overall functional contributions of species' into a single quantified metric of functional diversity (Schmera et al. 2009 ), we suggest that functionally redundant components may be viewed as contributing to ecosystem function by improving an assembly's functional resilience by increasing its redundancy (Fig. 1a, e.g., Walker 1995; Naeem 1998) . The proportion of a species' function that has a unique contribution to functional diversity should then decline with increased functional overlap, with a corresponding increase in the proportion that will contribute to redundancy (Fig. 1b) . The unique contribution to functional diversity of a given species (fd i ) can then be described as its overall ecosystem function (fd′ i ) minus its overlapping components. We can describe this for an assembly with n species as:
Following the same argument, we can describe a species' contribution to functional redundancy (fr i ) as the sum of all functional overlaps:
This formulation highlights the complementary relationship between fd and fr following from our logic.
However, the similarity of overlapping components of a species (i.e., fd′ i ∩ fd′ i ) determines how its proportional contributions to functional diversity versus redundancy will vary with species richness (e.g., Petchey 2000) . For instance, if all overlaps exist within the same components, there will be no relationship between species richness and the total proportion of a species' ecosystem function that overlaps with other species (Fig. 2a) . Under this scenario, if more than one other species is present within an assembly, fd i will not change with increasing species richness. This generates a linear increase in FD and FR with increasing species richness in any number of species above 1 (Fig. 2a) . In contrast, if the overlapping components differ between species, the total overlap of a species will be related to species richness. In an extreme scenario, where each pair wise overlap is unique, there will be a linear relationship between species richness and the proportion of overlapping function, with a very rapid saturation in both fd i and FD as species richness increases, especially with higher levels of pair wise overlaps (Fig. 2b) . Since fr i , in Eqs. 1 and 2 are defined as the inverse of fd i , the inverse of these relationships applies to fr i and FR (Fig 2a, b) .
Although these predictions are intuitive, they highlight a few important points regarding the relationships between species contributions to functional diversity and redundancy, species richness, and functional similarities between species. First, they suggest that the similarity of pair wise overlaps in ecosystem function between species should be very influential on how fd i and fr i vary over different levels of species richness. Second, they suggest that the relative contributions to fd i and fr i should be complementary, so that an increase in the proportion of function that contributes to functional diversity should be coupled with a decrease in the proportion of function that contributes to functional redundancy. Third, since we can regard FD and FR as the cumulative functional contributions of species, they highlight that species assemblages with low levels of functional overlap should have high functional diversity but low functional redundancy, with the inverse situation for assemblages with high levels of functional overlap (e.g., Fig. 2a, b) .
Effects of species richness, number of functional traits, and species differences on functional diversity and resilience
Simulation methods and analyses
We constructed simulated species assemblages ranging from 5 to 50 species (in increments of 5, 10, 25, and 50 species), and sequentially varied the number of functional traits to 1, 5, 10, and 20 for each level of species richness. Within each species richness-trait combination, we drew the trait values for each trait independently from uniform distributions. We simulated species differences within traits by varying the range of these distributions, so that a distribution with a large range would, on average, generate a data set with less similar species than data drawn from a distribution with a narrower range. All traits of a species assembly were drawn from distributions with equal range. We used uniform distributions since we were interested in using the range of the distributions to simulate assemblages with different relative differences between species, and values drawn from uniform distributions will be more evenly spaced throughout the defined variable space compared with values drawn from distributions defined by a measure of central tendency. We let the distributions vary from 0.1 to 100, in increments of 0.1, 1, 5, 10, 25, 50, and 100, and repeated the random draws of trait values ten times for each combination of species, number of traits, and trait ranges.
Following Petchey and Gaston (2002) , we conducted a cluster analyses on each simulated assembly and estimated the total FD as the sum of all the branch lengths within each dendrogram and fd as the average unique branch length of all species in a simulated assembly. We estimated the overall FR Fig. 1 a Schematic representation of the partitioning of a species' ecosystem function into unique contributions to functional diversity and to contribution to functional redundancy and b graphic presentation of how the proportion of species' ecosystem function that uniquely contribute to functional diversity versus redundancy varies over increasing levels of functional overlaps of each assembly as the sum of all non-unique branch lengths and fr as the average length of the non-unique branch contributions of each species. We used the Xtree function contributed by J. Schumacher (http://owenpetchey.staff.shef. ac.uk/Code/Code/calculatingfd_assets/Xtree.r) to transform the output from each cluster analyses into the appropriate species-branch matrices and branch-length vectors (Rodrigues and Gaston 2002) . For ease of interpretation, we scaled FD and fd to range between 1 and 0, where 1 is the maximum FD value derived during all simulation runs for a specific number of traits (Petchey and Gaston 2009a) . We scaled FD values in this way rather than scaling by all assemblages within one trait level and one level of differences between species since we were intrinsically interested in the relative effects of functional similarity between species in combination with species richness and the complexity of the trait space. We acknowledge that this may not be entirely analogous to the geographically scaled approach suggested by Petchey and Gaston (2009a) , in which subsets of a regional assemblage are compared to the full assemblage. However, we believe that our approach is more relevant for our simulations since it highlights the relative effects of functional similarity between species while still avoiding the methodological problems of using unscaled values (e.g., Podani and Schmera 2006) . We scaled FR to represent the proportion of redundancy in each tree in relation to its total branch length and fr to represent the average proportion of redundancy in each species contribution (i.e., the total species contribution with the unique functional contribution subtracted). Details for the calculations and scaling for a sample tree are exemplified in Fig. 3 .
We used Euclidean distance matrices since our data set contained the same type of data, and the unweighted pairgroup method using arithmetic averages (UPGMA) clustering method (Petchey and Gaston 2002) . Since all trait values within each simulated assembly were drawn from the same family of underlying distributions, we calculated the distance matrices from unscaled data tables. We constructed generalized linear models with a gamma error distribution using fd, fr, FD, and FR from our simulated data as response variables, and complete designs containing species richness, trait richness, and species differences as well as all interactions as predictors. We fitted reciprocal models with inverse link functions since these provided better fit to the data than models using identity links for all response variables based on corresponding AIC values. These models represents a linearization of the asymptotic Michaelis-Menten curve (Crawley 2002 ) and were tested against models using linear identity links due to the expected asymptotic relationships between functional diversity metrics and the predictors (e.g., Petchey and Gaston 2002). We have not reported probabilities of statistical inference from these models, since such values are based on sample size, which in our case was arbitrarily determined (e.g., Dalerum et al. 2008 ), but instead evaluated the relative influence of each term based on its standardized coefficient (i.e., the absolute values of raw coefficients divided by their standard error, Selvin 1998). All simulations and analyses were conducted using the statistical package R version 2.11.1 for Linux (http://www.r-project.org).
Simulation results
Species difference were the most influential term on fd followed by an interaction between species differences, number of traits, and species richness (Table 1) , in which the interactions between species differences and species richness was accentuated in assemblages with only a single functional trait (Fig. 4a-c) . In contrast, variation in fr was mostly influenced by the number of functional traits and species richness (Table 1 ). There was a higher proportion of function contributing to redundancy in assemblages with a low number of traits and a positive relationship between fr and species richness (Fig. 4d-f ), and this relationship was not altered substantially by either the number of traits or species differences within these traits (Table 1) .
Species richness and species differences interacted strongly in their effects on FD (Table 1) , with increasing effects of species richness in assemblages with large differences between species and increasing effects of species differences in assemblages with a large number of species (Fig 5a-c) . This interaction was more pronounced in assemblages with a large number of traits. The most influential terms for variation in FR was species richness and number of traits (Table 1) , with increasing redundancy in species rich assemblages and in assemblages with a low number of traits (Fig 5d-f ).
Discussion
Our simulations highlighted that species richness, number of traits, and species differences within traits can interact in their effects on both functional diversity and redundancy. Such complex interactions between functional attributes among species and their relative contributions to ecosystem function support recent suggestions that an approach focusing on multiple processes and ecological interactions may be necessary to fully understand the relationship between biological diversity and ecosystem processes (Balvanera et al. 2006; Duffy et al. 2007; Reiss et al. 2009; Caliman et al. 2010) .
Some interesting patterns emerged from our simulations. First, functional diversity and redundancy did not appear to be complementary over varying degrees of functional similarity between species. This was true both for species contributions (fd and fr) as well as the overall values for Fig. 3 Visualization of a simulated cluster tree containing five species (a-e), and corresponding formulas for how the scaled functional metrics fd, fr, FD, and FR were calculated. Individual contribution to functional diversity fd and total functional diversity FD were scaled after the maximum FD value for each run of simulations with each number of traits, whereas individual contribution of redundancy fr was scaled as the average proportion of each species' total branch length that were non-unique and overall functional redundancy FR as the proportion of the sum of all branch lengths within a tree that were non-unique simulated assemblages (FD and FR) . This contradicts that a high degree of functional similarity should generate a high degree of redundancy but a relatively lower diversity. Instead, our results suggest that while both fd and FD increase with increasing differences between species, as predicted, both fr and FR appear to be unaffected by such differences. Instead, redundancy seems to largely be determined by the main effects of the number of separating traits and species richness. These results generally suggest that functional diversity and redundancy may not be completely complementary and that functional similarities between species may not directly influence functional redundancy. Data were quantified from dendrograms constructed using cluster analyses following Petchey and Gaston (2002) . Results are from reciprocal generalized linear models with inverse link function and gamma error constructed on the output from simulations where number of species was set to 5, 10, 25, and 50 and number of traits to 1, 5, 10, and 20. Trait values were drawn from uniform distributions and species differences were altered by changing the range of these distributions. Each combination of species richness, number of traits, and species differences was repeated ten times. Terms are ordered by the standardized coefficients, i.e., the absolute values of the raw coefficients divided by their standard errors Fig. 4 Effects of species richness and species differences on the a-d average unique species contribution to functional diversity fd and e-h the average proportion of redundancy in total species function fr over four dimensions of separating trait space (number of functional traits). Data were quantified from dendrograms constructed using cluster analyses, and the surface planes were parameterized from reciprocal generalized linear models based on data generated by simulations where number of species was set to 5, 10, 25, and 50 and number of traits to 1, 5, 10, and 20. From the simulated trees, we calculated fd as the average unique branch lengths for all species in a simulated assembly, scaled by the maximum value of total functional diversity FD for each simulation run within the same number of traits (Petchey and Gaston 2002) , and fr as the average of the non-unique branch length divided by the total branch length for each species Effects of species richness and species differences on overall a-c functional diversity FD and d-f redundancy FR in simulated species assemblages over four dimensions of separating trait space (number of functional traits). Data were quantified from dendrograms constructed using cluster analyses, and the surface planes were parameterized from reciprocal generalized linear models based on data generated by simulations where number of species was set to 5, 10, 25, and 50 and number of traits to 1, 5, 10, and 20.
From the simulated trees, we quantified FD as the total branch length of each tree scaled by the maximum value of FD for each simulation run within the same number of traits (Petchey and Gaston 2002) and FR as the proportion of non-unique branch lengths within each tree Secondly, our results suggest that the number of separating traits was the most influential term for functional redundancy, but that redundancy was higher in assemblages with few functional traits. These results contradict the assumption that increasing complexity would add increasing stability (e.g., Bersier 2007), since we would intuitively regard a species assembly separated by a multidimensional trait space to be more complex than an assembly separated by a single or only a few function traits. The results also contradict the assumption that species differences should be highly influential on redundancy. However, Petchey and Gaston (2002) acknowledged that in assemblages with a high dimensionality of the trait space, species pairs tend to differ similarly, whereas in assemblages with a low dimensionality of the trait space, some species pairs tend to be similar while others tend to be different. Although this pattern may explain the effect of number of traits on functional redundancy found in our study, it does not readily explain the observed lack of an effect of species similarity. We therefore suggest that further work is directed towards exploring the specific relationships between species attributes and the proportion of redundancy within each species as well as how species attributes affect functional redundancy in complete assemblages.
Thirdly, our results suggest that the relative effects of species richness and functional attributes among species affect individual contributions differently compared with the overall functional diversity of complete assemblages. This may seem paradoxical, since the value of an assembly is the cumulative contributions of the species which it consists of. However, because of the cumulative nature of assembly level metrics, even effects that are relatively minor for individual contributions could be magnified at the assembly level, especially in species rich assemblages. This scale dependence suggest that one cannot generalize effects of species richness and species function on the assembly level into similar effects on individual contributions, and vice versa, and highlight that metrics of functional diversity should simultaneously be quantified at both levels to fully capture the effects of species richness and species function on the functional structure of species communities.
Finally, we note that there is a general scarcity of studies that have tested these relationships empirically. Although species richness has been positively related to both functional diversity and resilience (e.g., Naeem et al. 1994; Tilman 1999; Balvanera et al. 2006; Fischer et al. 2007; Petchey et al. 2007) , studies that have measured species specific contributions are absent in the literature, with a few exceptions (e.g., Balvanera et al. 2005; Baker et al. 2009; Luck et al. 2009; Schmera et al. 2009 ). We see a similar pattern for studies evaluating the effects of functional attributes among species on their contribution to ecosystem function and stability, although functional attributes among species recently have been related to the overall functional diversity of empirical assemblages (Dang et al. 2005; Micheli and Halpern 2005; McKie et al. 2008; Petchey et al. 2007 ). This highlights that there is still a gap in knowledge regarding the empirical mechanisms with which each species interactively contribute to ecosystem function and stability. Our results suggest that such data are necessary to fully understand the role of species in ecosystems, and hence be able to predict the functional effects of alterations in species compositions on different scales.
In conclusion, our simulations highlighted that species richness and functional attributes among species can interact in their effects on functional diversity and redundancy, and that these interactions may be more pronounced for the overall functional diversity of assemblages compared to species contributions. Our simulations further suggested that functional similarity among species have little effects on the functional redundancy of species assemblages, as well as, on species contributions to redundancy. Finally, our simulations suggested scale dependence in the relative effects of species richness and functional attributes of species, so that the relative influence of these factors may affect individual contributions differently compared to the overall ecosystem function of species assemblages. Based on these results, we stress that studies on the relationship between biological diversity and ecosystem processes will benefit from focusing on multiple processes and ecological interactions, and that the relative functional attributes among species will have pivotal roles for the ecosystem function of a given species assembly.
